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a &RUUHVSRQGLQJDXWKRU[LXW\DQ#JPDLOFRP 
(QHUJ\RSWLPL]DWLRQSDWKSODQQLQJIRUEDWWHU\SRZHUHGDJULFXOWXUDOURYHU
&RQJ1LX;LXWLDQ<DQD
1Department of Design Manufacture & Engineering Management, University of Strathclyde, 75 Montrose Street, Glasgow G1 1XJ 
$EVWUDFW%DWWHU\OLIHLVFULWLFDOIRUEDWWHU\SRZHUHGDJULFXOWXUDOURYHUVVRWHFKQLTXHVVXFKDVRSWLPL]HGPRYLQJSDWK
SODQQLQJ DUH RI JUHDW VLJQLILFDQFH LQ WKLV ILHOG )LQGLQJ DQ RSWLPL]HG SDWK RWKHU WKDQ VWUDLJKWOLQH SDWK FRXOG VDYH
HQHUJ\DQGSURORQJWKHEDWWHU\OLIH&RPSDUHGZLWKWUDGLWLRQDOVWUDLJKWOLQHSDWKSODQQLQJDQHQHUJ\RSWLPL]HGSDWK
SODQQLQJLVUHDOL]HGEDVHGRQDUWLILFLDOSRWHQWLDOILHOGDOJRULWKP,QVLPXODWLRQVWXGLHVPRVWRIWKHXSKLOOLVDYRLGHG
DQGDWOHDVWRIHQHUJ\LVVDYHGZLWKWKHRSWLPL]HGSDWKSODQQLQJ:HEHOLHYHWKLVHQHUJ\RSWLPL]DWLRQSDWK
SODQQLQJDOJRULWKPLVDIHDVLEOHVROXWLRQWRH[WHQGWKHEDWWHU\OLIHIRUILHOGRSHUDWHGDJULFXOWXUDOURYHU
,QWURGXFWLRQ
%DWWHU\SRZHUHG DJULFXOWXUDO URYHU LV D PXOWLIXQFWLRQDO
URERWSODWIRUP WKDW LVRIWHQXVHG LQ WKH ILHOG7KLV URERW
SODWIRUP ZLWK VXLWDEOH SD\ORDG FDQ GR VRLO VDPSOLQJ
PDSSLQJDQGIUXLWSLFNLQJ%XW WKHHQHUJ\RIEDWWHU\RQ
ERDUG LV YHU\ OLPLWHG DQG WKH EDWWHU\ OLIH RIWHQ
GHWHUPLQHVWKHHIIHFWLYHQHVVDQGYDOLGLW\RIWKHURERW>@
6RKRZWRH[WHQGWKHEDWWHU\OLIHRIWKHURERWKDVEHFRPH
DQ LPSRUWDQW WRSLF LQ WKLV ILHOG &XUUHQWO\ WKHUH DUH
KDUGO\DQ\ZRUNDERXWSDWKSODQQLQJIRUEDWWHU\SRZHUHG
DJULFXOWXUDO URYHU IURP WKH SHUVSHFWLYH RI HQHUJ\
RSWLPL]DWLRQ :LWK D PRUH RSWLPL]HG SDWK WKH HQHUJ\
FRXOGEHVDYHGDQGWKHEDWWHU\OLIHFRXOGEHH[WHQGHG7R
WKLVHQGDQDOJRULWKPKDVEHHQGHYHORSHG7KHDOJRULWKP
FRXOGEHXVHGRQH[LVWLQJURERWSODWIRUPVZKLFKPDNHVLW
FKHDSHUWKDQSHUIRUPLQJDKDUGZDUHXSJUDGH)LJXUH
)LJXUH$QDJULFXOWXUDOURYHU
1RUPDOO\ WKH PRYLQJ SDWK RI WKH URYHU LV D VWUDLJKW
OLQHDVLWLVWKHVKRUWHVWGLVWDQFH%XWVRPHWLPHVDVWUDLJKW
SDWKLVQRWWKHPRVWHQHUJ\HIILFLHQWSDWKZKHQWKHWHUUDLQ
LV QRW IODW ,QVWHDG JRLQJ DURXQG WKH KLOOV PD\ EH PRUH
HQHUJ\HIILFLHQW%\DSSO\LQJRXUSDWKSODQQLQJDOJRULWKP
D QHZ SDWK FRXOG EH IRXQG 7KLV JHQHUDWHG SDWK ZRXOG
VDYHPRUHHQHUJ\WKDQDVWUDLJKWOLQHSDWK:KHQPRYLQJ
WKH URYHU DW D IL[HG VSHHG WKH HQHUJ\ VSHQWRQJRLQJXS
DQGGRZQKLOOZLOOEHZDVWHGDVKHDW(YHQZLWKYHU\KLJK
HIILFLHQWHQHUJ\UHFRYHU\EUDNLQJV\VWHPRYHUSHUFHQW
RIWKHHQHUJ\ZLOOEHZDVWHG+RZHYHUE\JRLQJDURXQG
WKHKLOOWKHHQHUJ\FRXOGEHVDYHG
&RQGLWLRQV
)LUVWSUHVXPHZKHQWKHURYHUFOLPEVDGGLWLRQDOHQHUJ\LV
QHHGHGZKHQWKHNLQHWLFHQHUJ\FDQQRWEHFRQYHUWHGEDFN
WRWKHHOHFWULFHQHUJ\7KHIROORZLQJYDULDEOHVFDQEHVHW
>@ LV WRWDO NLQHWLF HQHUJ\ ZKHQ PRYLQJ. LV WKH
HQHUJ\QHHGHGZKHQFKDQJLQJWKHVWDWHRIPRYHPHQW 
LV WKH ZRUN QHHGHG WR RYHUFRPH UHVLVWDQFH LV WKH
SRZHU RI KHDW ORVV E\ WKH SURSXOVLRQ V\VWHP LV WKH
SRZHUQHHGHGIRURQERDUGHOHFWURQLFHTXLSPHQW$QGWLV
WLPH
7KHWRWDOHQHUJ\UHTXLUHGLV
    
7KH DQG DUH PDLQO\ GLVSHQVHG RQ WKH PDVV RI
WKH URYHU DQG DUH PDLQO\ GLVSHQVHG RQ WKH PRWRU
WUDQVPLVVLRQDQGZKHHOV6RIRUDJLYHQURYHUZKDWFDQ
EH RSWLPL]HG LV  LV FRPSRVHG RI WZR SDUWV WKHZRUN QHHGHG WR RYHUFRPH UHVLVWDQFH ZKHQ PRYLQJ DQG
WKH ZRUN QHHGHG ZKHQ LQ DVFHQW VWDJH ,Q GHVFHQW VWDJH
FRXOGEHFRXQWHUDFWHGE\WKHJUDYLW\FRPSRQHQWLQWKH
GLUHFWLRQRIPRYLQJ
$OJRULWKP
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7KH DOJRULWKP LV EDVHG RQ DUWLILFLDO SRWHQWLDO ILHOG ZLWK
PRGLILFDWLRQ DQG LPSURYHPHQW >@ (YHU\ HQYLURQPHQW
YDULDEOH KDV D FRUUHVSRQGLQJ DUWLILFLDO SRWHQWLDO ILHOG
FDOFXODWHGE\DQLQGHSHQGHQWHTXDWLRQ9DULDEOHVWKDWFDQ
EHFDOFXODWHGLQFOXGHWRSRJUDSKLFPDSDQGREVWDFOHPDS
,QRXUDOJRULWKPWZRSRWHQWLDOILHOGVDUHFRQVLGHUHGLH
GLVWDQFH SRWHQWLDO ILHOG DQG KHLJKW GLIIHUHQFH SRWHQWLDO
ILHOG7KHGLVWDQFHSRWHQWLDO ILHOG LV FDOFXODWHGEDVHGRQ
WHUUDLQPDS6XSSRVH;DQG<DUHKRUL]RQWDODQGYHUWLFDO
FRRUGLQDWHV IRU D JLYHQ SRLQW DQG DUH KRUL]RQWDO
DQG YHUWLFDO FRRUGLQDWHV IRU WKH GHVWLQDWLRQ SRLQW * LV
JUDYLW\ WKHQ WKH GLVWDQFH SRWHQWLDO ILHOG LV FDOFXODWHG
DVIROORZV
  (2) 
7KHKHLJKWGLIIHUHQFHSRWHQWLDOILHOGLVFDOFXODWHG
EDVHGRQWRSRJUDSKLFPDSDQGHODVWLFSRWHQWLDOHQHUJ\
IRUPXOD6XSSRVH LVWKHKHLJKWIRUDJLYHQSRLQWS 
LVWKHKHLJKWRIWKHGHVWLQDWLRQSRLQW7KHQWKHKHLJKW
GLIIHUHQFHSRWHQWLDOILHOG LVFDOFXODWHGDVIROORZV
   
7KHWZRSRWHQWLDOILHOGFDQEHFRPELQHGE\DSSO\LQJD
SRWHQWLDOILHOGFRPELQLQJDOJRULWKPLHZHLJKWHGVXPRI
WKHSRWHQWLDOILHOGV(DFKSRWHQWLDOILHOGKDVDQDGMXVWPHQW
IDFWRU EDVHG RQ LWV LPSRUWDQFH %DVHG RQ WKH ILQDO
FRPELQHGSRWHQWLDOILHOGDSDWKILQGLQJDOJRULWKPLVXVHG
WR ILQG WKHSDWK IRU WKH URYHUE\VLPXODWLQJDSURFHVVRI
EDOO IUHH VFUROOLQJ IURP KLJK SRWHQWLDO HQHUJ\ SRLQW WR
ORZHUSRLQW$QHYDOXDWLRQDOJRULWKPLVXWLOL]HGWRDVVHVV
KRZORQJLVWKHSDWKKRZORQJLVWKHSDWKLQDVFHQWDQGLV
WKHUHDQ\FROOLVLRQVZLWKWKHREVWDFOH>@
7KH HYDOXDWLRQ LV SHUIRUPHG LWHUDWLYHO\ ,I DQ\ UHVXOW
RI WKLV HYDOXDWLRQ KDV QRW UHDFKHG DOO SUHUHTXLVLWHV WKH
DOJRULWKP ZLOO WU\ GLIIHUHQW SRWHQWLDO ILHOG PRGLILHUV
ZKLFK DUH GHILQHG EDVHG RQ WKH UHVXOW RI WKLV HYDOXDWLRQ
DQG D QHZ ILQDO SRWHQWLDO ILHOG E\ WKH SDWKILQGLQJ
DOJRULWKP 7KHQ WKH SURFHVV JRHV RQ XQWLO DOO
UHTXLUHPHQWVDUHDFKLHYHG
$IWHU WKH HYDOXDWLRQ DQRWKHU HYDOXDWLRQ DOJRULWKP LV
XWLOL]HG WRFDOFXODWHKRZPXFKHQHUJ\ LV VDYHGZLWK WKH
RSWLPL]HG SODQ FRPSDUHG ZLWK WKH VWUDLJKWOLQH SDWK
7KHQDVHULHVRIHTXDOGLIIHUHQFHSRWHQWLDOILHOGPRGLILHU
ZLOOEHWHVWHGDQGWKHHQHUJ\FRVWZLOOEHFRPSDUHGZLWK
HDFKRWKHUVRDQRSWLPDOSDWKFRXOGEHIRXQG>@
6LPXODWLRQ(QHUJ\
%\ XVLQJ WKH FRQGLWLRQV SUHYLRXVO\ PHQWLRQHG WZR
VLPXODWLRQSODQVZHUHJHQHUDWHGZLWK0$7/$%VRIWZDUH
)LJXUH  DUH SDWKV IRXQG E\ VWUDLJKW SDWK SODQQLQJ DQG
RXU HQHUJ\ RSWLPL]DWLRQ SDWK SODQQLQJ UHVSHFWLYHO\ 7KH
VWDUWLQJSRLQW LVRQ WKH WRS OHIW DQG WKHGHVWLQDWLRQ LVRQ
WKHERWWRPULJKW

)LJXUH3DWKIRXQGE\VWUDLJKWSDWKSODQQLQJ$DQGRXU
HQHUJ\RSWLPL]HGSDWKSODQQLQJ%
7KH GLDJUDP RI WKH KHLJKWSRVLWLRQ UHODWLRQVKLS RI
WKHVHWZRSDWKVLVJHQHUDWHGDVVKRZQLQ)LJXUH%DVHG
RQ WKH GLDJUDP WKH HQHUJ\ QHHGHG WR RYHUFRPH JUDYLW\
ZDVFDOFXODWHGZLWKHTXDWLRQ: PJK P LV WKHPDVVRI
URYHUJLVJUDYLW\DQGKLVKHLJKW7KHQWRWDOHQHUJ\FRVW
FRXOGEHFDOFXODWHG6XSSRVHWKHZHLJKWRIWKHURYHULV
NLORJUDPV DQG WKH UROOLQJ UHVLVWDQFH FRHIILFLHQW LV 
,Q VWUDLJKW SDWK SODQQLQJ WKH HQHUJ\ FRVW WR RYHUFRPH
JUDYLW\ LV  MRXOHV 2WKHUZLVH LQ RSWLPL]HG SDWK
SODQQLQJ WKH HQHUJ\ FRVW WR RYHUFRPH JUDYLW\ LV 
MRXOHV

)LJXUH'LDJUDPRIKHLJKWSRVLWLRQUHODWLRQVKLSIRUVWUDLJKW
SDWK$DQGHQHUJ\RSWLPL]HGSDWK%
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:HDVVXPHWKHJUDYLW\DQGUROOLQJUHVLVWDQFHUHDFKD
EDODQFH LQ WKH GRZQKLOO VWDJH VR WKH HQHUJ\ FRVW WR
RYHUFRPH UROOLQJ UHVLVWDQFHRQO\H[LVWRQ WKH IODW WHUUDLQ
RUXSKLOO$VVKRZQLQWKHVWUDLJKWOLQHSDWK)LJXUH$
IURPZD\SRLQWWRDQGWRLVXSKLOO$QGLQWKH
RSWLPL]HGSDWKWKHZD\IURPSRLQWWRWRDQG
WRLVXSKLOOZKLFKLVVKRUWHUWKDQWKDWRIWKHVWUDLJKW
SDWK 6R ZH DVVXPHG WKDW DW OHDVW  RI WKH HQHUJ\ LV
VDYHG
7ZRVLPXODWLRQVZHUHSHUIRUPHGWRFDOFXODWHWKHWRWDO
HQHUJ\ QHHGHG 8QGHU SUHYLRXV DVVXPSWLRQV QR
DGGLWLRQDO HQHUJ\ LV QHHGHG LQ WKH GRZQKLOO VWDJH 7KH
HQHUJ\ FRVW QHHGHG WR RYHUFRPH JUDYLW\ DQG UROOLQJ
UHVLVWDQFHZHUHFDOFXODWHGIRUWKHWZRSDWKVXVLQJVWUDLJKW
SDWKSODQQLQJDQGRSWLPL]HGSDWKSODQQLQJVHSDUDWHO\RQ
WKHIODWDQGXSKLOO
,Q XSKLOO VWDJH WKH HQHUJ\ FRVW XVLQJ VWUDLJKW SDWK
SODQQLQJ LV  MRXOHV $QG XVLQJ RSWLPL]HG SDWK
SODQQLQJ WKH HQHUJ\ FRVW LV RQO\  MRXOHV :KHQ
PRYLQJ RQ IODW  MRXOHV DQG  MRXOHV DUH
QHHGHG IRU WKH VWUDLJKWOLQH SDWK DQG RSWLPL]HG SDWK
UHVSHFWLYHO\ 6R WKH WRWDO HQHUJ\ LV  MRXOHV XVLQJ
VWUDLJKWOLQH SDWK SODQQLQJ DQG  MRXOHV XVLQJ
RSWLPL]HG SDWK SODQQLQJ   RI HQHUJ\ FRXOG EH
VDYHGZLWKRXUHQHUJ\RSWLPL]HGSDWKSODQQLQJ
&RQFOXVLRQ
$V VKRZQ LQ WKH VLPXODWLRQV PRVW RI WKH XSKLOO WHUUDLQ
FRXOG EH DYRLGHG DQG HQHUJ\ FRXOGEH VDYHG HIIHFWLYHO\
ZLWK RXU RSWLPL]HG SDWK SODQQLQJ ,Q WRWDO PRUH WKDQ
RIHQHUJ\ZDVVDYHG LQ WKHXSKLOOVWDJHZKLFK LVD
GUDPDWLFGHFOLQH
,QFRQFOXVLRQ WKHHQHUJ\RSWLPL]DWLRQSDWKSODQQLQJ
DOJRULWKPLVD IHDVLEOHVROXWLRQ WRH[WHQG WKHEDWWHU\ OLIH
IRU ILHOG RSHUDWHG DJULFXOWXUDO URYHU :KDW¶V PRUH WKLV
DOJRULWKP FRXOG EH XVHG WR DQ\ EDWWHU\RSHUDWHG URYHU
VXFK DV H[RSODQHW H[SORUDWLRQ ZKHUH WKH HQHUJ\ LV HYHQ
PRUHSUHFLRXV
5HIHUHQFHV
 && 2RL & 6FKLQGHOKDXHU 0RELOH 1HWZRUNV 	
$SSOLFDWLRQV
6/LX'6XQ ,((($60(7UDQV0HFKDWURQLFV

<.+ZDQJ1$KXMD,(((7UDQV5RERW$XWRP

 0* 3DUN -+ -HRQ 0& /HH ,((( ,QWHUQDWLRQDO
6\PSRVLXPRQ,QGXVWULDO(OHFWURQLFV3URFHHGLQJV
,6,(
 6+ 6XK .* 6KLQ 5RERWLFV 	 $XWRPDWLRQ ,(((
-RXUQDORI
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